The combination of photochromic and nonlinear optical (NLO) properties of azobenzene-functionalized selfassembled monolayers (SAMs) constitutes an intriguing step towards novel photonic and optoelectronic devices. By utilizing the second-order NLO process of second harmonic generation (SHG), supported by density-functional theory and correlated wave function method calculations, we demonstrate that the photochromic interface provides the necessary prerequisites en route towards possible future technical applications: we find a high NLO contrast on the order of 16% between the switching states. These are furthermore accessible reversibly and with high efficiencies in terms of cross sections on the order of 10 À18 cm 2 for both photoisomerization reactions, i.e., drivable by means of low-power LED light sources. Finally, both photostationary states (PSSs) are thermally stable at ambient conditions.
Introduction
Molecular switches are molecules which can be switched reversibly between two or more (meta-) stable states. Prominent examples are azobenzenes [1] [2] [3] [4] as well as fulgides 5 and fulgimides, 6 spiropyrans 7 and diarylethenes, 8, 9 which all undergo large changes in their conformation and/or the electronic structure upon switching. Regarding possible future technological applications of this class of molecules, promising concepts are conceivable if the molecular conversion can efficiently be triggered by an external stimulus. Among the various possible excitation mechanisms, such as using electric fields, electrons or mechanical force, 3 light often provides the most convenient means due to availability and tuneability of sources. 1, 2, 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] For instance the light-inducible ring-opening/-closure reaction in diaryethenes has been demonstrated to be accompanied by a switching of the conductivity through the molecules, 9, 20, 21 which renders them prototypal optoelectronic molecular transistors. Equally intriguing is the utilization of molecular switches in all-optical signal processing units 11, 12 or for three-dimensional optical data storage modules. 8, 10, 13, 14 Regarding the actual implementation of photonic and optoelectronic devices based on molecular switches, the common requirement for accessing the respective molecular functionality is an immobilization strategy which preserves the photochromism of the molecules. Among the various existing strategies regarding this goal, 22 physisorbed systems are well-studied but of rather academic interest. In these systems the switching ability is often suppressed and very small cross sections (i.e., low switching efficiencies) have been observed. 2, 4, 23 The more robust chemical immobilization of chromophore units into polymer matrices, 8, 24 Langmuir- 25, 26 or Langmuir-Blodgett-films 27, 28 might be a promising alternative. Additionally, incorporation of photochromic molecules into self-assembled monolayers (SAMs) has proven to preserve the switching ability of the molecules, if (a) the photochromic units are successfully electronically decoupled from the substrate using sufficiently long linker units and (b) steric hindrance 17 and excitonic coupling between the chromophores [29] [30] [31] can be mitigated. This has been achieved using on-surface synthesis routes and preparation strategies avoiding the formation of a close-packed chromophore layer. 15, 16, 18, 32 As shown in Fig. 1 , in the present study we follow the latter approach by intermixing 'empty' spacers, i.e., linker units which do not carry a chromophore. The azobenzene-functionalized SAMs are formed by immersing the Au/mica substrate into a methanolic solution containing a total concentration of 0.1 mM alkanethiols. The chromophorefunctionalized 11-(4-(phenyldiazenyl)phenoxy)undecane-1-thiol (Az11) and the empty spacer unit 1-dodecanethiol statistically intermix at the surface yielding a chromophore packing density that is strongly dependent on the ratio between the two alkanethiols in the immersion solution. Details on the sample preparation and the verification of the chromophore packing densities by means of X-ray photoelectron spectroscopy (XPS), conducted on simultaneously prepared twin-samples, are described elsewhere. 18 By following this preparation strategy the azobenzene chromophores can be sufficiently decoupled from their neighbors, allowing the photoinduced isomerization reactions between photostationary states (PSSs) enriched with azobenzene in its trans-and its cis-form, respectively (see Fig. 1 ).
In the present study, we access the switching state of the system via the interfacial nonlinear optical (NLO) response. This approach has already successfully applied for fulgimide-functionalized SAMs on Si(111). Thereby fulgimides undergo a reversible photoinduced ring-opening/closure reaction. 19 Second harmonic generation (SHG) probes the second-order nonlinear susceptibility w (2) of the sample. For the inversion-symmetric substrate, the second-order NLO response solely originates from the symmetry-breaking interface. The absence of an interfering bulk-contribution to the SHG signal results in a very high NLO contrast between the respective PSSs on the order of 16% for chromophore coverages between 18% and 84%. The identification of the observed contrast with the switching state of the sample is done based upon electronic structure calculations on the molecular geometries and hyperpolarizabilities b (the molecular equivalent to the macroscopic w (2) ), viz. by density functional theory (DFT) and correlated wave function method calculations. The agreement between experimental and theoretical results is sufficient to even conclude on a predominantly perpendicular interfacial molecular alignment of the chromophore in its trans-form. We furthermore determine the efficiency of the switching processes in terms of the cross sections. These are on the order of 10 À18 cm 2 for both isomerization reactions. The switching of the azobenzene SAM is fully reversible over many switching cycles and both PSSs are found to be thermally stable at ambient conditions. Hence, we possess a two-dimensional NLO switching system with high potential regarding emerging photonic and optoelectronic technologies.
Results and discussion
2.1 Photoinduced switching of the NLO response, coverage dependency Fig. 2A shows the SHG signal intensity measured for an azobenzenefunctionalized SAM with a chromophore coverage of 65 AE 5%, as a function of the alternate illumination using UV and visible light, indicated by the data marked in purple and blue, respectively. Two clearly distinguishable SHG signal levels are observed: a lower one subsequent to light exposure at 365 nm and a higher level measured after illumination at 445 nm. These are reproducible over 20 illumination steps without any sign of fatigue, i.e., no decrease in the NLO contrast is observed.
The applied UV and visible light is suitable for addressing the pronounced S 2 and S 1 optical absorption bands of the trans-and the cis-form, respectively, 1 and a switching of diluted azobenzenefunctionalized alkanethiols on gold has been demonstrated. 18 Therefore we assign the observed reversible, light-induced changes in the SHG signal amplitudes to the switching of the photochromic interface between the respective PSSs. Interestingly, the SHG signals of the trans-PSS and of the freshly prepared sample (i.e., containing only trans-isomers) are equal within the given experimental accuracy. The signal-to-noise ratio for the SHG signal amplitude is on the order of 10%. This result is thus in contrast to measurements on similar azobenzene-functionalized alkanethiols in solution, for which cis-fractions of 25 to 30% in Fig. 1 The diluted azobenzene SAM can be switched from the trans-PSS (left) to the cis-PSS (right) and vice versa, by illumination with UV and visible light at wavelengths of 365 nm and 445 nm, respectively. the trans-PSS have been found. 33 However, recent results point towards an energetic stabilization of the trans-chromophore in the SAM due to p-stacking of the elongated molecule which fosters the isomerization yield upon visible light absorption. 18 The scheme depicted in Fig. 2B illustrates the correlation between the switching state and the NLO response measured in the SHG experiment. As we recently demonstrated, 19 the SHG probe is highly sensitive to the degree of conjugation and the orientation of the p-electron system at the interface. Thus, we conclude for the rather densely packed sample that the high SHG signal intensity measured for the trans-PSS (using a p-polarized probe beam, vide infra) indicates a well-ordered and -aligned SAM in which the p-electron-system formed by the two phenyl rings is oriented predominantly perpendicular to the interface. For the bent cis-form this conjugation is interrupted and the lower SHG signal level is measured. As demonstrated in the following section, DFT and correlated wave function method calculations provide the suitable means to obtain an understanding of the correlation between the measured NLO responses and the electronic structures at the interface. Fig. 2C depicts the measured NLO contrast DI SHG = (I trans À I cis )/ I trans as a function of the chromophore packing density in the range between 7% and 95%. The NLO contrast has been determined by conducting 20 illumination steps as shown in Fig. 2A for each sample and by subsequently averaging the data of the two respective SHG signal levels I trans and I cis . Going from 7% to 18% chromophore coverage, a pronounced increase in the NLO contrast is observed. This increase can be attributed to the rising amount of switches contributing to the contrast. Also the expected ordering and aligning effect of the chromophores with decreasing free space per molecule is supposed to enhance the SHG signal intensity. [34] [35] [36] For a wide range of coverages (20-85%) the SHG contrast remains constant, which is explained as follows. While the number of chromophores rises, also their average packing density increases and they orientate more upright. In principle this enhances the SHG contrast. However, switching is more and more suppressed due to increased steric hindrance and excitonic coupling. The consequence is a constant SHG contrast.
At highest coverages, finally, a pronounced decrease in the NLO contrast is observed which can to be attributed to excitonic coupling (i.e. the dissipation of an excitation among adjacent molecules due to aggregation, in this case before an isomerization can occur [29] [30] [31] ) and steric hindrance. This contribution might play an increasingly important role, starting already at intermediate coverages. The sample with the chromophore concentration of 65 AE 5% has been chosen for more detailed investigations, as it exhibits the highest NLO contrast of all investigated samples. Additionally, a well-ordered molecular alignment can be expected for this rather densely packed SAM.
It has been shown that reversible photochemical reactions in polymers and Langmuir-Blodgett films containing photochromic dyes as well as in organic photochromic crystals resulted in switching of SHG signals. However, these approaches suffer from switching-induced irreversible changes in the initial chromophore alignment, which drastically limits the number of switching cycles. [37] [38] [39] [40] Comparing our results, the NLO contrast between the respective PSSs of 16%, with the before mentioned studies: in a photochrome-doped polymer thin film of a spiropyran and a furylfulgide a change of 15% and 60%, respectively, between the open and closed form have been found. But already after a few switching cycles the differences in the NLO response of both systems dropped below 10%. 37 In aniline polycrystalline films photoinduced changes in the SHG intensity of around 20% have been obtained. 38 We studied recently the reversible photoswitching of the NLO response of fulgimide-functionalized SAMs on Si(111) and observed an intensity change of 20%. 19 Further molecular engineering of the photochromic switch may even increase the NLO contrast upon switching.
Calculated molecular geometries and hyperpolarizabilities, polarization-resolved SHG
In order to verify the aforementioned interpretation on the observed NLO responses of the two PSSs of the photochromic interface, we performed electronic structure calculations of the trans-and the cis-form of the Az11 molecule, using DFT as well as correlated wave function methods (for details of the computational methods, see the ESI †).
In a first step, hybrid density functional theory on the B3LYP/6-311++G** level was utilized to optimize the structures of the molecular models. [41] [42] [43] We found distinct minima for both configurations of the azobenzene-functionalized alkanethiol.
The derived structures are shown in Fig. 3 . The coordinate system is chosen such that the oxygen and the para carbon atom of the 'lower' phenyl ring of the trans-isomer span the z-axis and 'lower' phenyl-ring defines the xz-plane. This alignment results in a tilt angle of the alkyl chain with respect to the surface normal of 241 which does not reflect the exact tilting of the chromophores but gives a reasonable description of their average orientation in the SAM and allows for a descriptive discussion of the obtained results. In a second step, the dynamical hyperpolarizabilities b (2o; o, o) (the first hyperpolarizability b is the molecular equivalent to the macroscopic second-order nonlinear susceptibility w (2) ) at frequencies o = 2pc/l corresponding to an excitation wavelength of l = 800 nm as adopted in the SHG measurements were calculated for both molecular configurations. The dynamic hyperpolarizabilities were determined at a MP2 (Møller-Plesset perturbation theory at second order) level at the B3LYP geometries, according to an established procedure 44 (see the ESI † for further details). The NLO response can be analyzed by means of the averaged hyperpolarizability b 0 , which is defined as:
(1)
The components of the vector b = (b x , b y , b z ) are shown in Table 1 . The underlying tensor elements b jji are subject to the ESI. † Another profound way to distinguish between trans-and cisisomers is to compare their hyperpolarizabilities orthogonal to the one parallel to the surface. The corresponding asymmetry value a is expressed by:
The computational results shown in Table 1 reveal pronounced changes of b in the isomerization reaction. First of all, the average hyperpolarizability b 0 reduces by approximately a factor of four when switching from the elongated trans-to the bent cis-form. Second, the hyperpolarizability vector shown in Fig. 3 rotates from almost parallel to the alkanethiol (i.e., rather perpendicular to the interface) towards a direction with significant contribution in y, as the b z -component reduces significantly while a b y -component emerges for the cis-isomer due to the realignment of the (formerly interface-averted) 'upper' phenyl-ring. The asymmetry value a shows an equivalent picture. It is 0.68 for the cis-form, which means that the hyperpolarizabilities parallel and orthogonal to the surface exhibit similar absolute values. In contrast, a value of 5.70 for the trans-isomer expresses a clear dominance of the hyperpolarizability in z over the one in x or y.
A quantitative comparison of the calculated molecular first hyperpolarizabilities to the measured macroscopic second-order nonlinear susceptibility is generally difficult due to uncertainties in both, the experimental and the theoretical considerations. Regarding the experimental results, the linker system apparently adds an equal unknown background contribution to the SHG signal intensities measured for both PSSs and therefore reduces the apparent NLO contrast. Furthermore, as the phase information 46 is not accessed in our experiment, a negative interference between the chromophore and background contributions cannot be excluded. However, due to the low film thickness we expect only a small phase shift, which does not lead to destructive interference. 47 Considering the computational results, influences of the substrate and of the aggregation between adjacent molecules need to be discussed. As recently demonstrated by Nénon et al. in an extensive computational approach, the presence of the surface potentially has a non-neglectable influence on the absolute values of the calculated hyperpolarizabilities, depending primarily on the chromophore and the applied linker chain. 48 Fortunately, the surface-induced effect diminishes for increasing dimension of the linker unit and a substantial influence has solely been found for chromophores with an ionic character. Furthermore, the preservation of the NLO contrast upon chemisorption has been found for each of the systems they investigated. As the distance between surface and chromophore in the SAM investigated here is large and Az11 molecules show no ionic character, we assume that the presence of the surface induces no significant alterations to our calculated hyperpolarizabilities. The influence of adjacent molecules is difficult to access due to the enormous computational costs. Both H-and J-aggregation found in densely packed azobenzene SAMs 18, 29 can be assumed to influence the hyperpolarizability depending on the intermolecular distance between adjacent chromophores which thus highly depends on the packing density. Nevertheless, the qualitative agreement between experiment and theory remains and the calculations nicely confirm the pronounced differences in the hyperpolarizability of the isomers and explain the strong decrease of the NLO response upon switching from the elongated trans-to the bent cis-form observed in the SHG experiments. Finally, we conducted polarization-resolved measurements to resolve the susceptibility of the photochromic interface perpendicular and parallel to the surface by varying the polarization of the probe beam. 17 The results are shown in Fig. 4A and B, respectively. As depicted in the respective schemes in Fig. 4C and D, the p-polarized beam possesses an electric fieldvector component perpendicular to the interface and is thus particularly sensitive to the trans-form of the chromophore with its p-electron system elongated predominantly along the z-axis. In contrast, in the s-polarization the sample is probed solely parallel to the surface. The polarization of the outgoing SHG beam is additionally analyzed, in order to access different elements of the susceptibility tensor. Three observations can be derived from this data set. (1) The susceptibility perpendicular to the interface is significantly larger for the trans-isomer (Fig. 4A) . (2) The susceptibility parallel to the interface is considerably larger for the cis-isomer (Fig. 4B) . (3) The highest SHG signal intensities are measured for the p-in/ p-out polarization combination, followed by p-in/s-out, s-in/p-out and finally s-in/s-out. As discussed above, a quantitative comparison to the calculated hyperpolarizabilities is difficult. However, findings (1) and (2) are in good agreement with the calculated rotation of the hyperpolarizability vector from mainly perpendicular to the surface towards an orientation which has significant parallel components. Finally, the increasing amplitude of the SHG signal intensities with increasing contribution of the dominating tensor elements with z-components (point (3)) is in agreement with the computational results (see the ESI †).
Switching efficiency: cross sections
An important property of a photoswitchable interface regarding a possible technological application are the efficiencies of the isomerization reactions. The possibility to access the system's functionality using low-power LED light sources is desired. In order to obtain a measure for the efficiency, we performed illumination experiments applying very low photon doses with excitation intensities on the order of 1 mW cm À2 . In doing so, the photochromic interface was switched stepwise from the cis-to the trans-PSS and vice versa while the intermediate NLO responses were measured. The results are shown in Fig. 5A and B, respectively. Assuming a linear correlation between the relative number of switched chromophores and the change in the SHG signal level DI SHG , the cross sections s of the isomerization reactions can be obtained by fitting the data according to the relation DI SHG = I SHG,PSS Á[1 À exp(ÀsÁn P )], where n P is the applied photon dose. As shown in Fig. 5 , the assumed mono-exponential behavior describes both isomerization reactions well and the derived cross sections are s cis-trans = 3.1 AE 0.2 Â 10 À18 cm 2 and s trans-cis = 0.7 AE 0.1 Â 10 À18 cm 2 for the visible and the UV light induced switching process, respectively. These observations allow for two important conclusions. First, the possibility to describe the observed processes with a mono-exponential relation strongly indicates that cooperative effects on the photoisomerization can be neglected. Second, both isomerization reactions are very efficient which indicates unhindered switching triggered by the direct intramolecular photoexcitation. The latter is best understood by means of a comparison of the derived cross sections to those observed for related systems. On the one hand, for the azobenzene derivative tetra-tert-butylazobenzene (TBA) physisorbed to the Au(111) surface, a substratemediated isomerization process has been observed to occur with cross section lower by four orders of magnitude. 2 On the other hand, for different azobenzene-functionalized SAMs using large triazatriangulenium (TATA) platforms 49 or bulky tripodal linker systems 16 to prevent an inter-chromophore aggregation, cross sections on the same order of magnitude have been found as in the present study. It is remarkable, that the cross section of the UV-induced trans -cis reaction is smaller than for the reverse process, triggered by visible light. This is in contrast to the findings by Wagner et al. for a similar system 16 and contradicts the expectations derived from the pronounced UV absorption band of the trans-form in opposition to the weak visible light absorbance of the cis-isomer found for azobenzene in solution. 1 However, this finding might be explained by the pronounced hypsochromic shift of the UV absorption band of the trans-form of the SAM investigated here. This shift is a function of the chromophore coverage and has thus been identified to originate from the p-system interaction between nearest neighbors. 18 It simply reduces the absorbance around 365 nm. Alternatively, as has also been hypothesized, solely the chromophores with largest distances to neighboring molecules in the trans-form in the densely packed SAM are capable of absorbing at the applied wavelength and of switching to the bent cis-isomer. Both effects would explain the unexpected relation between the observed isomerization cross sections.
To ensure that the cis -trans back-reaction is not thermally assisted, we conducted an illumination experiment similar to the ones shown in Fig. 2A in which a waiting time of 1.5 h between UV light exposure and measurement has been applied, as shown in Fig. 5C . We found no sign of any thermal back-reaction at ambient conditions. Hence, apparently a large thermal activation barrier for the cis -trans isomerization of the azobenzene chromophore in the SAM exists.
Conclusions
We conducted SHG experiments and performed DFT and correlated wave function method calculations, to access the NLO response of a photochromic azobenzene-functionalized SAM. Regarding this NLO response, two different states of the sample were found to be addressable by illumination using UV and visible light. These states were identified with the trans-and the cis-PSS, respectively. The NLO contrast measured in terms of the SHG signal change between the isomers is 16%. Moreover, the switching process is fully reversible as demonstrated over 20 illumination steps and the system shows no illumination-or laser-aging, i.e. neither writing-nor reading-induced fatigue.
A further, thorough investigation of the isomerization kinetics using very low excitation intensities on the order of 1 mW cm À2 did not only reveal the high efficiencies of both reactions in terms of cross sections on the order of 10 À18 cm 2 .
These measurements also demonstrated that the NLO contrast is sufficient to resolve intermediate signal levels, i.e., besides the two PSSs also intermediate switching states are accessible. Finally, the thermal stability of the cis-PSS at ambient conditions has been proven by introducing waiting times on the timescale of hours between illumination and measurement. In summary, the present work demonstrates the intriguing potential of combining the photochromic with the nonlinear optical properties of a chromophore-functionalized interface regarding a possible future application in novel photonic and optoelectronic devices. This has been done by demonstrating that the investigated system provides the desired properties in this regard: (1) a high contrast between the PSSs and a full reversibility of the isomerization reactions, (2) high switching efficiencies, i.e., switching processes which can be driven using low-power LED light sources and (3) thermal stability at ambient conditions. The subsequent steps in this concern are (a) to also consider intermolecular interactions between adjacent chromophores which might pave the way for a theoretical modeling of the SHG signal and thus for a detailed insight on the geometric molecular arrangement and (b) to find chemical modifications to the chromophore which might increase the NLO contrast even further. Cross sections of (A) the cis -trans and (B) the trans -cis isomerization reactions of the Az11 SAM (65% coverage) were determined by assuming a linear correlation between the number of switched chromophores and the illumination-induced changes in the SHG signal intensity DI SHG , yielding mono-exponential fits to the intermediate signal levels. For these experiments low excitation intensities on the order of 1 mW cm À2 have been used.
(C) To exclude a thermally assisted back-reaction, illumination experiments with a waiting time of 1.5 h between UV light exposure and measurement have been conducted. On this time scale, the cis-PSS is thermally stable at ambient conditions. Results measured after UV and visible light exposure are indicated in blue and purple, respectively.
Experimental section

SHG experiment
A 300 kHz regenerative amplified Ti:sapphire laser system produces pulses of 50 fs duration centered at a wavelength of 800 nm with a spectral width of 30 nm. By combining a GlanThomson polarizer with an achromatic half-wave plate the pulse energy is set to 133 nJ. The applied polarization combination is 'p-in'/'all-out' with the sample mounted under an angle of 451 with respect to the incident probe beam, where 'in' and 'out' denote the polarization of the 800 nm fundamental and the 400 nm SHG beam, respectively. The SHG beam is focused into a monochromator and detected by a photo-multiplier tube. The analogous signal is converted by a counting unit and acquired using a PCI counting device. All SHG experiments were carried out at ambient conditions.
Illumination
Samples were illuminated using monochromatic LEDs emitting at 365 nm and 445 nm to drive the trans -cis and the cistrans isomerization, respectively. Spot sizes were 4 Â 5 mm 2 and 2 Â 10 mm 2 for UV and visible diodes, respectively.
Samples were illuminated for 10 minutes at normal incidence, applying UV and visible powers of 23.2 mW and 6.6 mW, yielding photon doses of 1. 
Computational methods
Density functional theory (B3LYP), Møller-Plesset perturbation theory (MP2) and coupled perturbed Hartree Fock calculations were used in the GAUSSIAN09 program package. 50 For details see the ESI. †
